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Abstract—Quantitative data on how high brook trout Salvelinus fontinalis can jump are crucial for efforts
by fisheries managers to exclude brook trout from streams containing native cutthroat trout Oncorhynchus
clarkii subspp. and to build effective fishways for brook trout migration. We identified factors that could
influence brook trout jumping ability and demonstrated how this knowledge could be applied to improve the
design of barriers to brook trout migration or fishways to facilitate their migration. Our objective was to
measure brook trout jumping performance under laboratory conditions to identify design features for
constructing waterfall-type barriers or pool-and-weir-type fishways. We used flashboard-type and flume-type
adjustable waterfall devices to measure brook trout jumping performance at various combinations of vertical or
waterfall height (13.5-93.5 cm in 10-cm increments) and plunge pool depth (10-60 cm in 10-cm increments)
over a 24-h interval. We tested three size-classes of brook trout: 10-15 cm total length (TL) (mean = SD: 13.09
* 1.67 cm), 15-20 cm (19.30 = 1.19 cm), and 20 cm or more (26.52 *+ 2.13 cm). The 10-15-cm brook trout
could jump a 63.5-cm-high waterfall, equivalent to 4.7 times their body length, from a 50-cm-deep plunge
pool, which was 3.7 times their body length. Larger size-classes were capable of jumping 73.5-cm waterfalls,
or 2.9-4.0 times their body length, provided the plunge pools were at least 40 cm deep (>1.6 times their body
lengths). Shallow plunge pools (10 cm) prevented brook trout from all size-classes from jumping waterfalls
43.5 cm or more in height. Small fish were capable of jumping a greater number of body lengths over vertical
obstacles than large fish. The data analyses identified vertical height, plunge pool depth, fish total length, and

fish condition as factors important in predicting brook trout jumping performance.

Over the past two centuries, human activities have
significantly changed the form and function of lotic
systems throughout North America. In some cases,
humans have eliminated physical and geographic
barriers that once kept many fish species separate.
This has led to an increased number of ecological
interactions between native and introduced fishes (Dill
and Cordone 1997; Richter et al. 1997). The outcomes
of these interactions vary, but in many cases, in-
troduced fishes out-compete native fishes for food and
habitat resources, leading to declines or local extinc-
tions of the native species (Griffith 1988). Miller et al.
(1989) identified habitat alterations (in 73% of all
recorded extinctions) and the effects of nonnative
species (in 68% of all recorded extinctions) as the top
causal factors behind extinctions of North American
fishes during the 20th century. In the western United
States, for example, introductions of nonnative salmo-
nids threaten native cutthroat trout Oncorhynchus
clarkii subspp. The development or modification of
lotic resources has also led to the installation of
structures, such as dams, that serve as obstacles or
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barriers to bidirectional fish movements. This loss of
ecological connectivity has affected a number of fish
species, thereby isolating populations (Schlosser and
Angermeier 1995) and in extreme cases causing local
extinctions (Winston et al. 1991) as downstream
populations were not able to recolonize upstream areas.

Brook trout Salvelinus fontinalis is a species that has
benefited from the elimination of natural and human-
made barriers, yet they have also experienced the
detrimental effects of new instream barriers. In the
Rocky Mountain region, brook trout were widely
introduced to supplement populations of cutthroat trout
subspecies that had declined from habitat alteration and
overexploitation during the 1800s (Wiltzius 1985;
Meehan and Bjornn 1991). Many of these introduc-
tions were successful, and self-sustaining populations
of brook trout now occur in streams that once
contained only cutthroat trout (MacCrimmon and
Campbell 1969). In areas where sympatric populations
are found, brook trout typically outcompete cutthroat
trout for food and habitat resources (Griffith 1972;
Fausch 1989; De Staso and Rahel 1994). Multiple
studies have produced strong evidence implicating
brook trout in the decline, and in some cases extinction,
of native cutthroat trout populations (Griffith 1988;
Behnke 1992). Cutthroat trout populations in areas free
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of brook trout are confined to headwater reaches that
are protected by natural barriers to upstream brook
trout movement (Harig et al. 2000; Novinger and Rahel
2003). Resource managers have been working to
restore or reintroduce additional cutthroat trout pop-
ulations using a variety of strategies (Stuber et al. 1988;
Young et al. 1996). The most successful strategy
consists of chemically treating sections of streams to
eliminate all fishes, followed by the reintroduction of
cutthroat trout (along with the original native fish
assemblage) above a natural or artificial barrier, most
often a waterfall or other similar drop-structure, that
prevents upstream migration of any fish species
(Behnke and Zarn 1976; Thompson and Rahel 1998).
Information on the features of a drop-structure that
effectively prevents brook trout from moving upstream
is needed to facilitate the evaluation of the barrier
potential of existing natural obstacles and the design
and construction of artificial barriers.

Within their native range, brook trout, like many
other stream fishes, have been affected by artificial
instream structures such as dams (Winston et al. 1991),
culverts (Dimeo 1977), and road crossings (Baxter et
al. 1999). If these structures restrict or altogether
prevent the upstream movement of fish, they can
fragment fish populations, increasing the likelihood of
local extirpations. The habitat of brook trout within
their native range has been altered in this fashion, and
in an ironic parallel to the situation in the Rocky
Mountain region, Appalachian brook trout populations
are facing competitive pressures from introduced
salmonids, particularly rainbow trout O. mykiss and
brown trout Salmo trutta (Moore et al. 1983; Larson
and Moore 1985). Thus, information about brook trout
jumping ability would allow managers to evaluate
existing instream structures such as culverts and low-
head dams to determine whether they serve as impass-
able barriers. Additionally, data on brook trout jumping
performance could be used to optimize the designs of
pool-and-weir type fishways (Clay 1995) to mitigate
the effects of some of these structures.

Brook trout negotiate vertically oriented instream
obstacles by jumping over them. The ability of brook
trout to jump over obstacles depends on a number of
physical and biological variables that have been the
subject of surprisingly few quantitative studies. Stuart
(1962) found that waterfall height, plunge pool depth,
fish size, flow, light level, and characteristics of the
standing wave all affected the jumping ability of
Atlantic salmon S. salar, brown trout and Eurasian
minnow Phoxinus phoxinus. More recently, Reiser and
Peacock (1985) developed the following formula for
computing the maximum height attainable by a fish:
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hl = V2/2g7

where /| is the leap height of the fish, v is the initial
burst speed of the fish, and g is gravitational
acceleration. This formula assumes the optimal jump-
ing conditions proposed by Stuart (1962) of a minimum
pool depth of 2.5 m or 1.25 times the waterfall height.

Aaserude and Orsborn (1985) developed a more
refined expression using maximum burst velocity,
velocity exiting the pool, fish weight, fish length, fish
frontal area, and estimated drag forces to calculate
maximum jumping heights for chum salmon O. keta,
pink salmon O. gorbuscha, sockeye salmon O. nerka,
coho salmon O. kisutch, and Chinook salmon
O. tshawytscha as well as steelhead (anadromous
rainbow trout) and coastal cutthroat trout (O. clarkii
clarkii). In this expression, jumping heights could be
calculated both from still pools and by fish using
a standing wave generating a 0.5-m/s vertical flow
velocity. Powers and Orsborn (1985) used these maxi-
mum jump height calculations for the same salmonids to
construct theoretical jumping curves (for determining
maximum jump height and jump distance) that vary with
the angle at which a fish takes off from the water surface.
To date, however, no studies directly measuring brook
trout jumping performance have been published.

Our objective was to determine how high brook trout
could jump when challenged with a range of waterfall
heights and plunge pool depths. Our primary goal was
to determine how waterfall height (H ), plunge pool
depth (H,), and fish size influenced brook trout
jumping performance. Our secondary goal was to
develop a predictive model of brook trout jumping
performance. Our a priori predictions for brook trout
jumping performance were as follows: (1) brook trout
jumping ability would be limited by some combination
of shallow plunge pool depths and high waterfall
heights, (2) a maximum waterfall jumping height exists
for brook trout jumping under optimal conditions, and
(3) large fish would jump higher than small fish under
identical conditions, in much the same way that large
fish have higher absolute swimming velocities than
small fish (Bainbridge 1958; Fry and Cox 1970).

Methods

Brook trout jumping experiments were conducted at
the Colorado Division of Wildlife Fish Research
Hatchery in Bellvue. Experiments were conducted
from July 2002 through April 2003 under a natural
photoperiod (40°37°31” N) using air-equilibrated well
water at 11 = 1°C. The well water chemistry was as
follows: pH, 7.5; alkalinity, 185 mg/L as CaCO,;
hardness, 248 mg/L as CaCO,; CI', 5.02 mg/L; total
dissolved solids, 418 mg/L; and NO4-N, 5.03 mg/L.
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TABLE 1.—Scoring system used to assess fin condition of fish. Overall fish condition was determined as the sum of this score

and those for the jaw, eyes, and opercula (see Table 2).

Level of damage

None Mild Moderate Severe

Body part (>95% intact) (80-95% intact) (50-80% intact) (<50% intact)
Fin

Pectoral® 3 2 1 0
Dorsal 3 2 1 0
Pelvic® 3 2 1 0

Anal 3 2 1 0
Caudal 3 2 1 0

“Left or right.

Brook trout eggs from the Ten Sleep Hatchery in
Wyoming were incubated at 11.7°C until 99% had
hatched; sac-fry were then transferred to indoor rearing
troughs. Fry were fed a 50:50 diet of Fry Feed (Kyowa
size B-400, Kyowa Hakka Kogyo) and soft moist Silver
Cup #0-starter. At 10 cm total length (TL), fry were
transferred to outdoor raceways and fed ad libitum
rations of Silver Cup commercial trout feed. Experi-
ments were conducted on brook trout of 10 cm or more.

Brook trout jumping performance was measured in
flashboard- and flume-type adjustable waterfall devices
(Kondratieff and Myrick 2005). We used an incom-
plete three-way factorial design to examine the effects
of waterfall height (13.5-93.5 cm in 10-cm incre-
ments), plunge pool depth (10-60 cm in 10-cm
increments), and fish size (10-15, 15-20, and >20
cm TL). We only tested 110 of a possible 162 treatment
combinations because we ceased conducting jumping
trials for a given fish size-class and pool depth when
two successive waterfall heights had been tested
without any successful jumps. We used a similar
protocol with plunge pool depths, except that we tested
at least one depth below the level that prevented fish
from successfully jumping a waterfall of fixed height.
Each treatment combination had four replicates,
resulting in 440 24-h jumping trials using 11,005
brook trout.

At the start of each jumping trial, waterfall height
and plunge pool depth were set and the flow was
adjusted to 570 L/min. A random sample of 25 brook
trout from a precrowded raceway was then placed into
the plunge pool and the translucent raceway cover
closed. Fish were given approximately 24 h to move
upstream past the waterfall (mean trial duration, 22.8;
SD, 1.4 h). Fish were removed from the apparatus at
the end of the trial and kept segregated by location
(upstream versus downstream). Any fish found up-
stream of the waterfall at the end of the trial was
classified as “successful” and all other fish were
classified as “unsuccessful.” The number of jump

attempts required for a given fish to become “success-
ful” is uncertain, since we did not track individual fish.
The proportion of brook trout successfully jumping
over the falls was calculated as the number of fish
captured upstream of the waterfall divided by the total
number fish (25) originally placed downstream. Brook
trout were then lightly sedated (25 mg/L tricaine
methanesulfonate buffered with 0.1 g/L NaHCO3) and
had their total lengths (cm) and wet weights (nearest
0.1 g) measured. Each fish received a physical
condition score based on fin, eye, operculum, and
jaw conditions (Tables 1, 2). Fish were categorized as
“bad” if the summed scores were <3 and “good” if the
summed scores were >3. The gender of sexually
mature fish (>20 cm) was noted; fish in the two
smaller size-classes were not sexed. Processed fish
were moved to a separate raceway.

Data from trials using the flashboard-type and
flume-type waterfalls were analyzed together because
pilot trials (Kondratieff and Myrick 2005) using Rio
Grande cutthroat trout O. c. virginalis showed that the
two types produced similar results. The probability (P)
of a brook trout successfully jumping the waterfall was
assumed to be a function of waterfall height (H,), pool
depth (H,), total length (TL), condition (C), and trial
duration (D) as well as the second-order interactions
between the variables. We generated a series of
multiple logistic regression models based on the global
model shown below. A random component was used to
check for evidence of extrabinomial variation (EBV)
and to adjust confidence intervals for the beta
estimates.

The global model was as follows:

Logit(P) = By + B1(H1) + po(Ha) + B3(TL) + f4(C)
+ B5(D) + Ps(H, X Hy) + f7(H; X TL)
+ s (Hy X C) + Bo(H1 X D)
+ Bro(H2 X TL) + f1,(H2 X C)

+ 12(H2a X D) + B13(TL X C)

+ B14(TL X D) + B,5(C X D) + EBV.

A mixed-modeling approach (proc NLMIXED; SAS
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TABLE 2.—Scoring system used to asses the condition of the jaw, eyes, and opercula. Overall fish condition was determined as

the sum of these scores and that for fins (see Table 1).

Level of damage

Body part Normal or no damage Damage

Jaw Normal = 1 Over- or underslung = 0
Eye* No damage = 1 Damage = 0
Operculum® Normal = 1 Eroded = 0

2003) and Akaike’s information criterion (AICL_;
second-order variant for n/K < 40) model selection
were used to identify the model that best determined P.
We ranked the relative importance of each predictor
variable occurring within the candidate model set by
summing the AIC_ weights across all models within the
set; the most important variables had the largest
predictor weights and the least important ones the
smallest predictor weights (Burnham and Anderson
2001).

Results

Brook trout jumping success was most affected by
waterfall height, plunge pool depth, and fish size
(Figure 1). Ten- to 15-cm fish jumped over waterfalls
as high as 63.5 cm (4.7 body lengths) when plunge
pools were 50 cm deep (3.7 body lengths) but did not
jump over waterfalls 33.5 cm high or more when
plunge pool depths were 10 cm. Fifteen- to 20-cm fish
jumped over waterfalls as high as 73.5 cm (3.7-4.0
body lengths) when plunge pools were 40 or 50 cm
deep but did not jump over waterfalls 33.5 cm high or
more if the plunge pool depths were 10 cm. Fish 20 cm
or more in size could jump over waterfalls as high as
73.5 cm (2.9 body lengths) when plunge pools were 40
cm deep but were limited by waterfalls 43.5 cm high or
more when plunge pools were 10 cm deep.

Of the derived models, three had AIC, values within
3 units of the smallest AIC_ value, which indicates the
best model. The best model, model 1, was as follows
(Table 3):

Logit(P) = 4.81 — 0.17(H,) — 0.03(H,) + 0.089(TL)
—0.48(C) — 0.0017(D)
+0.0017(H, X Hy) — 0.0016(H, X TL)
— 1.12(EBV).

The four top models all included waterfall height,
plunge pool depth, fish size, fish condition, a waterfall
height X pool depth interaction term, and a term for
extrabinomial variation (Table 3). Model 1 also
included trial duration and the pool depth X total
length interaction term (Table 4). There was strong
evidence of waterfall height, total length, fish condi-
tion, and H| X H, effects because the 95% confidence

intervals for the § estimates of these predictor variables
did not include zero; there was also strong evidence of
extrabinomial variation (Table 4). There was weaker
evidence of trial duration, pool depth, and H, X TL
effects. The most important predictor variables in-
cluded waterfall height, pool depth, total length, fish
condition, duration, and the interaction H, X H, (Table
5; predictor weights > 0.91). No other second-order
effects were as important (Table 5). The best model
showed that P decreased with increasing height, pool
depth, and experimental duration and that P increased
with increasing total length and fish condition. Fish
that were in good condition (intact fins) were predicted
to jump higher than those with heavily damaged fins.
The analyses using sexually mature fish (>20 cm)
detected no evidence of a difference between male and
female fish jumping ability (N = 3,351; males = 1,314;
females = 2,037).

Discussion

We used adjustable waterfall devices to conduct the
first comprehensive study on how waterfall height,
pool depth, and fish size affect brook trout jumping
performance under laboratory conditions. We found
that the highest obstacle that 8.6—34.0-cm brook trout
would jump over was 73.5 cm high, provided the pool
below was at least 40 cm deep. This may not be the
absolute maximum height that brook trout can jump,
but it does represent a conservative estimate of their
maximal performance. Shallow plunge pools severely
reduced jumping ability, brook trout only being able to
jump a maximum of 33.5 cm from a 10-cm pool.
Brook trout 15 cm or longer could jump greater
absolute heights than fish under 15 cm under identical
experimental conditions. However, the small brook
trout had higher relative jumping performance than the
large fish, a relationship similar to that seen for
salmonid swimming performance (Bainbridge 1958;
Fry and Cox 1970). Small fish (10-15 cm) were
capable of jumping up to 4.7 times their body length;
15-20-cm-long fish were capable of jumping up to
3.7-4.0 times their body length; and fish 20 cm or
longer were capable of jumping 2.9 times their body
length.
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FIGURE 1.—Total proportion of brook trout (out of four
combined replicate batches of 25 fish) jumping over a waterfall
of fixed height and fixed pool depth for three fish size-classes.
The Z-axis shows the proportion of fish successfully jumping
over the falls, the X-axis shows pool depth, and the Y-axis shows
waterfall height. Blank spaces on the X—Y plane represent height
X depth combinations for which no data were collected.
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Our results support Stuart’s (1962) field and
laboratory observations that waterfall height, pool
depth, and fish size all influence fish jumping
performance. We also determined that the fish’s
physical condition, particularly fin condition, affects
their jumping ability. There was also evidence of
complex interactions between waterfall height and pool
depth and between total length and pool depth.
Evidence of extrabinomial variation suggests that other
factors that were unaccounted for may influence fish
jumping performance and warrant further investigation.
One cause of this extrabinomial variation may be
a batch effect from using a constant batch size of 25
fish (Anderson et al. 1994).

The best fitting model (model 1), like competing
models 2—4 in Table 4, highlighted two unexpected
results. First, it indicated that P decreased with
increasing pool depth. This is counterintuitive and
runs contrary to our observations that fish were able to
jump high waterfalls when taking off from the greatest
pool depths. This result may be explained by the fish
density (number of fish per liter of plunge pool
volume) below the waterfall. It appeared that the
motivation for fish to jump was related to fish density.
We kept fish numbers constant (N =25), so the lower
densities in the deeper plunge pools may have provided
less motivation to jump. Tsukamoto et al. (1985) found
that the percentage of juvenile ayu Plecoglossus
altivelis jumping over a waterfall increased with
increasing fish density (using batches of 30, 100, and
300 fish) for a fixed plunge pool volume. An
alternative explanation is that the inclusion of H, in
second-order (H| X H, and H, X TL) interaction terms
diminished the influence of the first-order H, term.
This explanation is supported by modeling results that
include only the first-order terms (main effects). When
analyzing main effects only, the pool depth 3 estimate
is positive (0.007 £ 0.006; 95% confidence interval,
—0.004 to +0.02) instead of negative. Thus, the main-
effects model provides weak evidence that P does
increase with increasing pool depth if second-order
interactions are excluded from the model.

The other surprising result was that P decreased with
increasing experiment duration. We expected that P
would increase as fish were given more time to ascend
the falls. Experimental duration (h) spanned a narrow
time range (mean, 22.75; SD 1.42). It is possible that
time was confounded by some variable not accounted for
in the models. For instance, some fish could have moved
downstream once they had entered the upstream com-
partment. Each of the 440 24-h experiments was vid-
eotaped in its entirety. Based on a review of only 6
experiments (by three separate observers), no movement
from upstream to downstream was observed. Also,
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TABLE 3.—Multiple logistic regression models predicting the probability of a brook trout’s jumping a waterfall of known
height (H)) and plunge pool depth (H,). Other variables are as follows: C = fish condition, D = trial duration, TL = fish total
length, and EBV = extrabinomial variation. Akaike’s information criterion (AIC) was used to identify the top four candidate
models (based on the lowest AIC, values, AIC_ values within approximately 3 units of that of the best model, and the highest
AIC, weights) from a set of multiple logistic regression models developed using proc NLMIXED in SAS. The next-to-last
column shows the number of estimated parameters (K), the last column the likelihood deviance measure (loge[£]) of each model.

Rank Model AIC,  AAIC, AIC, weight K  Log,(£)
1 H, +H,+TL+ C+D + (H, X H,) + (H, X TL) + EBV 55012 0.0 0.41 9 54832
2 H +H,+TL+ C+ D + (H, X H,) + EBV 55027 15 0.20 8 54867
3 H +H,+TL+C+D + (H, X H) + (TL X D) + (i, X TL) + EBV 55028 1.6 0.19 10 54828
4 H,+H,+TL + C + (H, X H,) + EBV 55044 32 0.08 7 54904

during the course of the study, portions of the experi-
ments were observed remotely via television for short
periods of time. During such observations, only one fish
was observed to jump into the upper compartment
successfully and then immediately return downstream,
apparently without having swum through the one-way

weir apparatus. The competing models (models 2—4 in
Table 4) did not offer evidence contrary to that suggested
by model 1 in explaining these unexpected results.

The results from this study suggest that the 1-m
standard vertical fall height proposed as a barrier height
by the fish migration and passage guide (Evans and

TABLE 4.—Beta estimates (* SEs) and 95% confidence intervals for the top four candidate models to predict brook trout

jumping success. See Table 3 for additional details.

95% confidence limit

Variable B Estimate = SE Lower Upper
Model 1

Intercept 4.80 = 1.51 1.84 7.78

H, —0.17 = 0.016 —0.20 —0.14

H, —0.027 = 0.025 —0.075 0.021

TL 0.089 + 0.032 0.027 0.15

C —0.48 = 0.12 -0.72 —0.25

D —0.0017 = 0.00087 —0.0034 —0.000014

H, X H, 0.0017 = 0.00037 0.00097 0.0024

H, X TL —0.0016 = 0.00085 —0.0033 0.00008

EBV —1.12 = 0.077 —1.27 —0.97
Model 2

Intercept 6.05 = 1.38 3.35 8.76

H, —0.17 = 0.016 —0.20 —0.14

H, —0.062 + 0.016 —0.094 —0.031

TL 0.034 = 0.012 0.01 0.058

C —0.48 = 0.12 —0.72 —0.24

D —0.0017 = 0.00088 —0.0034 0.00003

H, X H, 0.0017 = 0.00037 0.00097 0.0024

EBV —1.15 = 0.077 —1.29 —0.99
Model 3

Intercept 2.71 = 0.0028 2.70 2.71

H, —0.17 = 0.016 —0.20 —0.13

H, —0.028 = 0.024 —0.075 0.020

TL 0.197 = 0.063 0.073 0.32

C —0.48 = 0.12 -0.72 —0.25

D —0.00016 = 0.0007 —0.0016 0.0012

H, X H, 0.0017 = 0.00037 0.00099 0.0024

TL X D —0.000079 * 0.000052 —0.00018 0.00002

H, X TL —0.0016 * 0.00084 —0.0032 0.00007

EBV —1.12 = 0.078 —1.28 —0.97
Model 4

Intercept 3.81 = 0.72 2.39 5.23

H, —0.17 = 0.016 —0.20 —0.14

H, —0.064 = 0.016 —0.095 —0.032

TL 0.034 = 0.012 0.0097 0.058

C —0.48 = 0.12 -0.71 —0.24

H, X H, 0.0017 = 0.00037 0.001 0.0025

EBV —1.16 = 0.078 —1.31 —1.00
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TABLE 5.—Predictor variable weights computed as the sum
of the AIC_ weights for each predictor variable across all
models within the candidate set. See Table 3 for additional
details. The most important predictor variables (highest
weights) are shown in bold italics.

Variable Weight
H, 0.99
H, 0.99
TL 0.99
C 0.99
D 0.91
H, X H, 0.99
H, X TL 0.00
H X C 0.11
H, XD 0.04
H, X TL 0.72
H, X C 0.00
H, X D 0.00
TL X C 0.00
TL X D 0.30
C XD 0.00
EBV 0.99

Johnston 1980) is appropriate for brook trout, as we
recorded a maximum jump height of 74 cm. Converse-
ly, our results do not agree with either Collins and
Elling (1960), who stated that all salmonids could clear
a 0.9-m vertical obstacle under laboratory conditions or
the predictions of maximum fish jumping heights
generated by Aaserude and Orsborn (1985). If we
assume that brook trout have jumping capabilities
similar to those of coastal cutthroat trout, our top model
predicts that a 43-cm brook trout (in good physical
condition) attempting to jump over a 1.2-m waterfall
from a 60-cm still plunge pool has a 0.05% chance of
jumping over the falls within 24 h. This does not agree
with Aaserude and Orsborn’s theoretical model, which
states that a 43-cm cutthroat trout should be able to
ascend a 1.22-m waterfall from a still plunge pool.
Aaserude and Orsborn also computed that the same
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cutthroat trout should be able to ascend a 1.43-m
waterfall from a standing wave (generating an upward
vertical flow velocity of 0.5 m/s), which would have
lower (0.01%) probability of success according to our
model. Aaserude and Orsborn’s theoretical model
results include no measure of the uncertainty associated
with their maximum jump height estimates or any
statement regarding the pool depth, fish condition, or
length of time that a fish has to jump. There are several
possible reasons for the differing results between our
model and that of Aaserude and Orsborn. First, the
hatchery-reared brook trout were not representative of
wild brook trout (wild fish may have higher burst
swimming speeds than hatchery fish; Duthie 1987).
Second, optimal brook trout jumping conditions re-
quired us to test deeper plunge pools (optimal pool
depth = 1.25 X waterfall height; Stuart 1962). Third,
brook trout and cutthroat trout have different sustained
or burst swimming speeds and therefore cannot be
assumed to be interchangeable. Sustained swimming
speed is defined as the velocity that a fish can maintain
aerobically for a maximum of 60 min, until it is
fatigued. Burst speed is supported anaerobically and is
defined as the highest swimming speed maintained for
less than 20 s. Tables 6 and 7 show sustained swim-
ming speeds and maximum burst swimming speeds
(cm/s) for various salmonids. Fourth, the fish we tested
did not exit pools at their maximum burst speed. And
fifth, our model does not accurately describe fish
jumping capabilities outside the range of total lengths
used to generate our models (9-34 cm).

We measured brook trout jumping performance for
a limited range of waterfall heights, plunge pool
depths, and fish sizes as well as a constant flow of
570 L/min, so we caution against using model 1 as the
sole tool for predicting whether existing or proposed
drop-structures could be surmounted by this species.

TABLE 6.—Reported sustained swimming speeds (critical swimming velocities) of various salmonids. Unless otherwise
specified, fish lengths are fork lengths and error terms are standard errors. Values in brackets are the equivalent speeds (either
absolute or relative) calculated from the values reported by the original authors.

Length Sustained swimming Relative swimming speed Duration
Species (cm) speed (cm/s) (body lengths/s) (s) Reference
Cutthroat trout 8.96 = 1.2 (SD) [50] 5.58 £ 0.15 900 Hawkins and Quinn (1996)
Cutthroat trout 8.86 = 0.8 (SD) [59] 6.69 = 0.23 900  Hawkins and Quinn (1996)
Rainbow trout 6-20 (range) [54 for 10-g fish] 9.0 for 10-g fish 60  Fry and Cox (1970)
[110 for 100-g fish] 5.5 for 100-g fish

Rainbow trout (wild) 30.58 = 1.27 66.57 = 6.29 [2.2] 600  Jones et al. (1974)

27.5-36.5 (range) 47.1-83.2 (range)
Rainbow trout (hatchery) 3275 1.2 90.97 = 247 [2.7] 600  Jones et al. (1974)

31.0-34.5 (range) 83.3-97.9 (range)
Rainbow trout 10.01 = 1.0 (SD) [77] 7.69 = 0.17 900  Hawkins and Quinn (1996)
Rainbow trout 8.7 = 0.1 [52] 6.0 224 Gregory and Wood (1998)
Arctic char Salvelinus alpinus 355 1.2 100.2 = 3.0 [2.8] 600  Jones et al. (1974)
Brook trout 10.6-12.6 (SL; range) [65-77] 6.17 1,512 Peterson (1974)
Brook trout 10.6-12.6 (SL; range) [81-96] 7.65 672 Peterson (1974)
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TABLE 7.—Values reported for the burst swimming speeds of various salmonids. Unless otherwise specified, reported lengths

are total lengths and all values are means = standard errors.

Relative
Burst swimming swimming
speed speed
Species Length (cm) (cm/s) (body lengths/s) Duration (s) Reference
Cutthroat trout Adult 405 Bell (1986)
Rainbow trout 28.0 270 9.6 1.0 Bainbridge (1960)
10.3 105 10.2 1.0 Bainbridge (1960)
143 =04 121 8.5 0.078 = 0.0004  Webb (1975)
9.6 = 0.1 202 * 10 21 0.071 = 0.009 Webb (1976)
15.0 £ 0.7 226 £ 15 15 0.074 = 0.01 Webb (1976)
204 = 0.7 214 = 17 10.5 0.079 = 0.01 Webb (1976)
245 = 0.04 229 * 11 9.3 0.084 = 0.008 Webb (1976)
29.6 + 0.05 191 = 17 6.5 0.100 = 0.01 Webb (1976)
34.6 = 0.05 203 + 18 59 0.107 = 0.01 Webb (1976)
38.7 = 0.05 265 * 28 6.8 0.112 = 0.006 Webb (1976)
18.4 + 0.85 1325 7.3 72 0.115 = 0.007 Webb (1977)
19.5 = 0.05 158 = 21 8.1 0.114 Webb (1978)
31.6 = 1.0 (fork length) 277 = 15 8.7 0.125 = 0.007 Harper and Blake (1990)
Rinbow Trout
(with training protocol) 9.5 % 0.38 (fork length) 130 = 7 13.7 0.074 Gamperl et al. (1991)
Rainbow trout
(no training protocol) 9.5 = 0.38 (fork length) 134 = 14 14.1 0.074 Gamperl et al. (1991)
Brook trout 11.2 93 8.3 10 Peterson (1974)

Other factors that may influence jumping success
include variation in flow, water temperature, and the
current velocity approaching the crest of the falls
(including the landing area). Such factors should not be
ignored when incorporating the maximum estimated
jumping ability of brook trout into barrier designs.
Directed tests of jumping performance using conditions
and fish similar to those expected at the site of interest
should be conducted.

Based on our results, barriers designed to prevent the
upstream movement of brook trout should maintain
shallow plunge pool depths (<10 cm) under a range of
flows while achieving the highest vertical drop possible
(>100 cm). Specific combinations of waterfall height
and plunge pool depth needed to minimize the
probability of upstream passage of brook trout can be
identified by generating a probability plot based on the
top model. Figure 2, an example of such a plot, shows
the probability of a healthy, 10 cm brook trout jumping
over a waterfall under the physical conditions tested
during the laboratory study. If models like ours are
applied to field situations, managers need to observe
potential barriers under a wide range of flows,
particularly those optimal for upstream fish passage.

A recent study by Adams et al. (2000) reported that
a 21.0-cm TL brook trout had ascended a 1.2-m-high
falls complex comprised of a 0.5-m-high upper step
and a 0.7-m-high lower step separated by a plunge pool
less than 0.2 m deep. This field report supports our
observation that the performance of brook trout under
field conditions may exceed that in laboratory tests. It
also underscores the importance of evaluating each

“step” of a waterfall complex as a separate jump,
because fish may ascend them in stages rather than
attempting to clear the whole structure at once.

Our original goal was to derive features for the
design of effective barriers to brook trout movement,
but it should also be noted that our results are
applicable to fish passage issues. If passage of brook
trout is the goal, then we would recommend maintain-
ing low vertical heights (<40 cm) and deep plunge
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FIGURE 2.—Probability of successfully jumping over
a waterfall by a healthy, 10-cm-TL brook trout under the
range of waterfall heights and pool depths tested during the
laboratory study.



BROOK TROUT JUMPING PERFORMANCE 369

pools. The design of any instream structure will be
limited by the local hydrology, geography, and
economic realities. However, vertical heights and pool
depths should be chosen to exclude as few fish as
possible to avoid imposing artificial selection pressures
such as selecting for large fish or those that are
particularly good jumpers.

Future work should focus on developing fish
jumping conditions to allow measurement of maximum
jump heights and examination of fish jumping over
a wide range of pool depths, experimental trial
durations, and flow conditions. The experimental
methods developed for this study were specific to
brook trout; however, similar techniques should be
used to determine the suitability of particular barrier
designs or fish passage structures for other riverine
species, such as various minnows (Cyprinidae) and
suckers (Catostomidae). Fish physiologists can cur-
rently measure maximum swimming velocities with
reasonable accuracy—the development of equivalent
tools and techniques for studying jumping by species
other than brook trout would make fish jumping studies
more useful.
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